Osteoporosis and fragility fractures have become major global public health concerns, and they can be prevented by maximizing peak bone mass during childhood and adolescence with weight-bearing physical activity, which can result in stronger and healthier bones that significantly decrease the risk of osteoporosis and fragility fractures in adulthood and the elderly years. From a public health perspective, implementing weight-bearing physical activity for children and adolescents is best achieved with school-based exercise interventions, and a review of school-based exercise interventions was conducted to determine their effectiveness in increasing bone mineral density (BMD) and/or bone mineral content (BMC). Seventeen studies were reviewed, all school-based exercise interventions utilized jumping exercises, and 15 of the 17 studies found at least one significant increase in measures of BMD and/or BMC for the total body, and/or at the hip, vertebrae, and/or wrist. One study that found no significant differences did report significant increases in bone structural strength, and the other study with no significant differences had exercises that measured and reported the lowest ground reaction forces (GRFs) of only 2e3 times body weight (BW), whereas the other studies that showed significant increase(s) in BMD and/or BMC had exercise with measured and reported GRFs ranging from 3.5 Â to 8.8 Â BW. School-based exercise interventions are time-and cost-efficient and effective in increasing BMD and/or BMC in children and adolescents, but must incorporate high-intensity exercise, such as highimpact jumping of sufficient GRFs, in order to significantly increase bone mineralization for osteoporosis and fragility fracture prevention later in life.
Introduction
The World Health Organization (WHO) declares that osteoporosis is a major global public health problem that is highly prevalent in populations throughout the world [1] . Osteoporosis is a severe skeletal disease of reduced bone mineral density (BMD) that is clinically diagnosed as being 2.5 standard deviations below the adult peak mean [2] , and this reduction of BMD decreases bone strength and increases its risk for fragility fractures. Fragility fractures are most prevalent at the hip, particularly the bone at the femoral neck; the vertebrae, particularly the bones of the lumbar spine; and at the wrist, such as the bone of the distal radius. Decreased BMD and diagnosed osteoporosis increase the risk of fragility fractures in populations [3] . Osteoporosis affects hundreds of millions of individuals from all over the world [4] , and the amount of people who are susceptible to fragility fractures is underestimated, as many fragility fractures occur in individuals who do not even meet the clinical definition of osteoporosis [5] , and the majority of individuals who suffer from low-trauma fractures do not have osteoporosis based on its clinical definition [6] . Also considered to be a "silent" disease, as most individuals with osteoporosis or low BMD do not know that they are at risk of bone and fragility fractures until they actually occur, it is also currently incurable, as there are no present treatments that are capable of fully replenishing the reduced BMD.
The WHO reports that there are numerous ways to prevent osteoporosis and fragility fractures, though the most optimal approach is to have adequate amounts of calcium intake and weight-bearing physical activity all throughout the lifespan, but especially during youth such as childhood and adolescence when BMD can be maximized, and this enhances bone strength to prevent osteoporosis and fragility fractures later in life into adulthood [1] . During the lifespan, most bone acquisition happens during youth at childhood and adolescence, and it can continue to minimally increase in early adulthood, but then continuously decreases in later adulthood and into the elderly years. Thus, childhood and adolescence is when maximal peak bone mass should be attained, in which it can be maintained throughout the rest of the lifespan [7] . Furthermore, of the two main osteoporosis preventive behaviors of calcium intake and weight-bearing physical activity, weight-bearing physical activity is a more important factor than calcium intake in achieving maximal peak bone mass during youth [8] , particularly if it is high-impact jumping or high-intensity running or resistance training, as that may have higher impact on bone mass [9] . And higher peak bone mass at youth with weightbearing physical activity during youth is sustained into older adulthood [10] . Therefore, children and adolescents who engage in weight-bearing physical activity have the ability to attain higher maximal peak bone mass in order to most optimally prevent osteoporosis and fragility fractures later in life (Fig. 1) .
As a global public health problem, the social ecological model can be used in public health practice to affect different amounts of populations through various levels of health [11] . Implementing community health interventions will have more of an impact on population health improvement than traditionally used individual health interventions, as they impact more people and directly connect to public health policy, which can implement, enforce and support wide-spread community health interventions to have a greater impact on population health (Fig. 2) . With children and adolescents being optimal populations for osteoporosis and fragility fracture prevention due to their ability to most efficiently increase BMD, schools are an ideal location to implement community health interventions incorporating weight-bearing physical activity for this population in public health practice.
School-based exercise intervention studies have investigated what specific types of weight-bearing physical activities can improve bone health, particularly in the assessment of bone mineralization measured in BMD and/or bone mineral content (BMC). The purpose of this review is to determine if and how school-based exercise interventions may increase bone mineralization in children and adolescents, in order to find what types of exercises should be implemented in school settings to effectively increase BMD and/or BMC.
Review of the literature
A review of the literature using PubMed and Google Scholar was conducted, and search terms entered included "school," "bone," "exercise," and/or "physical" for "physical activity" or "physical education." After a thorough examination of all search results, there were numerous studies of school-based exercise interventions, and due to various deciding factors, 21 studies were considered to be most suitable for this review of school-based controlled exercise interventions as they utilized high-impact and/or high-intensity weight-bearing physical activity specifically designed to improve bone health. Of those 21 studies, 3 did not include a measure of bone mineralization, such as BMD or BMC, and were excluded from the review. In addition, 1 study was excluded that did not include a measure at a skeletal site of high susceptibility to fragility fractures, which resulted in 17 articles found to be studies of school-based exercise interventions of high-impact and/or high-intensity weight-bearing physical activity that measured bone mineralization in either BMD and/or BMC of children and/or adolescents in comparison to control participants (Fig. 3 , Table 1 ). As all 17 studies investigated at least one school-based exercise intervention [12e28], 1 study compared 2 different school-based exercise interventions [12] , and 1 study included school-based exercise and/or nutrition interventions [18] . Of the 17 school-based exercise interventions, 15 studies found at least one significant increase in measures of BMD and/or BMC [12,13,15e17,19e28] , and of the 2 studies that did not find significant increases [14, 18] , 1 of those studies did report increases in other measures of bone strength [14] , and the other study found no significant differences [18] . School-based exercise interventions varied in the types and amounts of exercises performed, though all interventions included sessions that were from 10 to 40 minutes ranging from 2 to 5 times per week, and the duration of these studies ranged from 7 months up to 43 months, with one study reaching 91 months due to inclusion of follow-up measures. Exercises were integrated into physical education classes and/or into activities at school [13e28], or as an after school activity [12] . All 17 studies measured schoolbased exercise intervention effects on BMD and/or BMC at various locations of the skeleton, such as the total body and skeletal sites that are common areas of fragility fractures, including the femoral neck, proximal femur and trochanter for the hip; the lumbar spine for the vertebrae; and the distal radius for the wrist.
For weight-bearing physical activity, every school-based exercise intervention used various forms of jumping activities, most of which consisted of high-impact jumps with many sessions as short as just 10 min [13e15, 19,22e25,27,28] . High-impact jumping was shown to significantly increase BMD and/or BMC for the total body [12, 15, 17, 20, 21, 24] , at the hip [12,15e17,19e28 ] and the vertebrae [13, 15, 17, 21, 23, 26, 27] . High-impact loading at the hands also showed a significant increase at the wrist [13] . Of the 15 studies that found a significant increase in BMD and/or BMC, 14 of those 15 studies found a significant increase at the hip, which is the skeletal site where fragility fractures are most common and the consequences are most severe. One study also investigated the long-term effects of school-based exercise interventions with annual followup measures after the intervention had concluded, and showed lasting significant increases at the hip approximately 7 years after the intervention [16] .
Of the 2 studies that did not find significant increases in BMD and/or BMC, one of those studies did measure and assess bone structural strength and found significant increases [14] . The other Fig. 1 . Bone health throughout the lifespan. The solid line represents the natural progression of bone mass increasing during childhood and adolescence into early adulthood, and then its natural regression of continuously decreasing into older adulthood and the elderly years, which increases the risk of osteoporosis and fragility fractures. The dashed line represents how weight-bearing physical activity creates larger increases in peak bone mass during childhood and adolescence, which leads to continuously higher bone mass into adulthood and the elderly years to reduce the risk of osteoporosis and fragility fractures. study did not find significant increases in BMD and/or BMC [18] , and reported that the school-based exercise intervention produced ground reaction forces (GRFs) measures of only 2e3 times body weight (BW). Several of the studies that found significant increases in BMD and/or BMC also measured and reported GRFs, which were 3.5e5 Â BW [23, 24] , 4e5 Â BW [22] , 8 Â BW [16] , 8.5 Â BW [17] , and 8.8 Â BW [26] . The study by Nichols et al. [18] shows that exercises producing GRFs of only 2e3 Â BW are insufficient to affect bone mineralization in children and adolescents by failing to significantly increase BMD and/or BMC; however, GRFs of at least 3.5 Â BW are needed to significantly increase BMD and/or BMC ( Table 2) .
Discussion
School-based exercise interventions that provide high-impact jumping activities with GRFs of at least 3.5 Â BW are effective in increasing BMD and/or BMC in children and adolescents, and GRFs as high as 8.8 Â BW are also effective and appear to be safe for children and adolescents. These programs take up minimal time within school days, and these exercises can easily be integrated into already established physical education classes, in classroom activities, as well as after school programs, with minimal time and financial resources. School administrators and teachers can use numerous types of exercises to provide variety, and they can be creative in implementing and integrating them into the school day, such as with "Bounce at the Bell" that incorporated high-impact jumping in very short bouts 3 times a day at the morning bell, noon bell, and dismissal bell [20, 22] .
It is important to note that these exercise sessions are not timeconsuming, as sessions as short as 10 minutes for 2 to 3 times per week were sufficient in increasing BMD and/or BMC. The duration of exercise can be minimal, and the most important factor is the intensity of the exercise. High-impact jumps, both off the ground and off of a 50 cm [23e25,27] up to a 61-cm step [16, 26] , can provide adequate stimulation on bones to increase BMD and/or BMC. In another study on the effects of weight-bearing physical activity on bone mineralization in children and/or adolescents, Deere et al. [29] found that a stimulus of 4.2 or higher above gravitational force (g), such as high-impact jumping that provides over 5.1 g and/or running at speeds over 10 km/hr, is needed to significantly increase BMD, as stimuli below those levels are insufficient in increasing bone mineralization. Similarly, Herrmann et al. [30] found that just 10 minutes of moderate-to vigorous-intensity weight-bearing physical activity can significantly increase bone strength in children, whereas low-intensity weight-bearing physical activity is insufficient.
The WHO recommends both weight-bearing physical activity and calcium intake to maximize peak bone mass in children and adolescents to prevent osteoporosis and fragility fractures later in life, and although weight-bearing physical activity is the more important factor, calcium intake should not be neglected. There are many school-based exercise intervention studies investigating the effects of weight-bearing physical activity on bone mineralization, but school-based nutrition intervention studies investigating the effects of calcium intake on bone mineralization are scarce. Although a meta-analysis has shown that children with increased consumption of high-calcium foods such as milk and dairy products, even though not through school-based nutrition interventions, lead to significantly higher total body BMC [31] . Thus, school-based nutrition interventions can simply provide highcalcium foods and drinks during school meals to increase calcium intake in children and adolescents.
Osteoporosis drastically diminishes both the quality and quantity of life, as it reduces independence and hinders physical, mental and social well-being [32] , and fragility fractures lead to permanent physical disability, decreased self-sufficiency, hospitalization, and increased frailty, morbidity and mortality [33] . Osteoporosis, and particularly a fragility fracture, leads to major detriments in physical function, including muscle loss, avoidance of physical activity due to fear of injury, and reduced physical capacity, all of which lead to a higher risk of more fractures and further loss of physical function [34] . After a fragility fracture, even when receiving osteoporosis treatments, the quality of life is significantly reduced [35] . There are significant declines in physical function afterwards that last for years, and though they can improve after a couple of years, they are still significantly worse than before experiencing the fragility fracture [36] . Using health care metrics, people with osteoporosis and suffer from fragility fractures have worse physical health-related quality of life (HRQoL) than those who have not suffered from a fragility fracture [37] , and fragility fractures lead to loss of disability-adjusted life-year, which is a measure of years lost due to premature mortality and a year of a perfect state of heath lost due to disability, causing increased disability and mortality [38] .
Fragility fractures are associated with a high public health burden due to costs, loss in HRQoL, and mortality [39] . When compared to other common health conditions, fragility fractures are associated with the highest hospital charges and the second highest hospital length of stay [40] , and the hospital costs associated with the acute treatment of fragility fractures are substantial, as they lead to increased intensive care unit use and higher rates of mortality [41] . Treating fragility fractures is an enormous cost and the burden on health care systems will only increase as the population continues to become more elderly [42] , the health care costs for osteoporosis treatment is also expected to continuously and greatly increase far into the foreseeable future [43] , and the health care resources needed to treat and manage osteoporosis will become scarcer as more people suffer from fragility fractures [44] . Furthermore, many individuals do not adhere to osteoporosis medications to manage the disease, and this leads to increased health care resources used and higher costs [45] . The low-to nonadherence to osteoporosis medications is due to a variety of reasons, mainly because of their side effects and simply forgetting to take them [46] . But even with high-adherence to osteoporosis medications, osteoporosis treatment drugs have side effects that Significant increase in bone mineral density (BMD) for total body in SSG (P ¼ 0.001) and CST (P ¼ 0.005) and at leg in SSG (P < 0.001) and CST (P ¼ 0.017), and in bone mineral content (BMC) for total body in CST (P < 0.01) and at leg in SSG (P ¼ 0.002) and CST (P ¼ 0.004) compared to control group. Nogueira et al., 2015 [13] Intervention group: n ¼ 104 boys, mean age: 10.5 ± 0.5 years at baseline and 11.3 ± 0.5 years at follow-up (BMD/BMC measured: n ¼ 12). Control group: n ¼ 68 boys, mean age: 10.7 ± 0.6 years at baseline and 11.4 ± 0.6 years at follow-up (BMD/ BMC measured: n ¼ 6). Intervention group: n ¼ 71 girls, mean age: 10.5 ± 0.6 years at baseline and 11.3 ± 0.6 years at follow-up (BMD/BMC measured: n ¼ 30). Control group: n ¼ 67 girls, mean age: 10.7 ± 0.6 years at baseline and 11.4 ± 0.6 years at follow-up (BMD/ BMC measured: n ¼ 6). Significant increase in BMC for total body (P ¼ 0.001) and at femoral neck (P ¼ 0.037) and lumbar spine (P ¼ 0.01) and in BMD for total body (P ¼ 0.001) and lumbar spine (P 0.001) in intervention group compared to control group, but no significant difference in BMD at femoral neck between groups. No significant gender group interaction, but pubertal stage group interactions were significant for BMC for total body (P ¼ 0.02) and at femoral neck (P ¼ 0.001) and in BMD at lumbar spine (P ¼ 0.001) for larger effect in prepubertal children than pubertal children. Significant increase in BMC at total hip, femoral neck and trochanter (P < 0.05) in intervention group compared to control group after 7-month intervention, and significantly greater BMC at the total hip (P < 0.05) in the intervention group compared to control group at 91-month follow-up, but no significant differences in femoral neck and trochanter.
Gunter et al., 2008 [17] Intervention group: n ¼ 101, 47 boys and 54 girls, mean age: 8.7 ± 0.9 years at baseline and 12.5 ± 1.0 years at follow-up for boys (n ¼ 24), 8.7 ± 0.8 years at baseline and 12.2 ± 0.7 years at follow-up for girls (n ¼ 32). Control group: n ¼ 104, 51 boys and 53 girls, mean age: 8.7 ± 0.8 years at baseline and 12.3 ± 0.9 years at follow-up for boys (n ¼ 27), 8.5 ± 0.9 years at baseline and 12.0 ± 0.9 years at follow-up for girls (n ¼ 29).
Jumping sessions averaging 90e100 jumps per session, for 72 jumping sessions throughout 43 months. (Corvalis, OR, USA)
Significant increase in BMC for total body and at lumbar spine, femoral neck and trochanter (P < 0.05) in intervention group compared to control group.
Nichols et al., 2008 [18]
Intervention groups: n ¼ 61 boys and girls for Only Exercise, mean age: 9.7 ± 0.3 years, n ¼ 9 boys and girls for Only Nutrition, mean age: 9.6 ± 0.3 years, and n ¼ 14 boys and girls for both exercise and nutrition, mean age: 9.7 ± 0.4. Control group: n ¼ 28 boys and girls, mean age: 9.7 ± 0.5 years.
Exercise: 15 minutes of jumping consisting of tuck jumps, side-to-side jumps, forward/backward jumps, and over items jumps. Nutrition: Education on dairy products and other calcium-rich foods. 2 times per week for 20 months. (Denton, TX, USA) No significant differences in BMC of total body or at femoral neck or lumbar spine, and no significant differences in BMD at the femoral neck or lumbar spine among groups.
Weeks et al., 2008 [19] Intervention group: n ¼ 52, 22 boys and 30 girls, mean age: 13.8 ± 0.4 years for boys and 13.7 ± 0.4 years for girls. Control group: n ¼ 47, 24 boys and 23 girls, mean age: 13.8 ± 0.4 years for boys and 13.7 ± 0.5 years for girls. Significant increase in BMC at the femoral neck (P ¼ 0.04) for girls but not boys in intervention group compared to control group, but no other significant differences in lumbar spine or whole body among groups. can increase mortality and shorten the lifespan, showing the need to prevent osteoporosis and fragility fractures to reduce or eliminate the need for these treatment drugs [47] .
Osteoporosis continues to be a growing public health problem with trends showing increased prevalence of the disease in population health, with significantly increased health care costs and 11.4 ± 0.6 years at follow-up for boys, 10.2 ± 0.6 years at baseline and 11.4 ± 0.6 years at follow-up for girls. Control group: n ¼ 117, 62 boys and 55 girls, mean age: 10.3 ± 0.7 years at baseline and 11.4 ± 0.6 years at follow-up for boys, 10.2 ± 0.5 years at baseline and 11.4 ± 0.5 years at follow-up for girls.
that included skipping, dancing, and resistance exercises with resistance bands. Also utilized "Bounce at the Bell": 10 counter movement jumps, 3 times per day (morning bell, noon bell, and dismissal bell), 2e3 times per week for 16 months.
(Vancouver and Richmond, British Columbia, Canada)
intervention group compared to control group, but no other significant differences between groups.
Linden et al., 2006 [21] Intervention group: n ¼ 49 girls, mean age: 7.6 ± 0.6 years at baseline, 9.7 ± 0.6 years at followup. Control group: n ¼ 50 girls, mean age: 7.9 ± 0.6 years at baseline, 9.8 ± 0.6 years at followup.
200 Minutes per week of PE of various activities including games, running, jumping, and climbing, compared to the standard 60 minutes per week for 2 years. (Malmo, Sweden)
Significant increase in BMC at the lumbar spine (L2 e4: P ¼ 0.007, L3: P < 0.001) but none at the femoral neck in the intervention group compared to control group, and significant increase in BMD in total body (P ¼ 0.006), at part of lumbar spine (L3: P ¼ 0.006) and femoral neck (P ¼ 0. Intervention group: n ¼ 32 girls, mean age: 9.9 ± 0.6 years at baseline. Control group: n ¼ 43 girls, mean age: 10.4 ± 0.4 years at baseline.
10-to 12-Minute session of high-impact jumps, consisting of a number of jumps that progressively increased from 50 to 100 and jump height from 10 cm to 50 cm through the school year, 3 times per week for 2 years. (Richmond, British Columbia, Canada)
Significant increase in BMC at the lumbar spine (P < 0.05) and femoral neck (P < 0.05) in intervention group compared to control group.
Intervention group: n ¼ 61 boys, mean age: 10.2 ± 0.6 years. Control group: n ¼ 60 boys, mean age: 10.3 ± 0.7 years.
10-to 12-Minute session of high-impact jumps, consisting of jumping jacks, lunge jumps, and drop jumps that progressively increased from 50 to 100 and jump height from 10 cm to 50 cm through the school year, 3 times per week for 7 months.
(Richmond, British Columbia, Canada)
Significant increase in BMC for total body (P < 0.01) and in BMD at the proximal femur (P < 0.05) in the intervention group compared to control group, but no significant differences at the lumbar spine, femoral neck or trochanter.
Petit et al., 2002 [25] Intervention groups: n ¼ 44 Prepubertal girls, mean age: 10.0 ± 0.6 years, and n ¼ 43 Early-pubertal girls, mean age: 10.4 ± 0.7 years. Control groups: n ¼ 26 Prepubertal girls, mean age: 10.1 ± 0.5 years, n ¼ 64 Early-pubertal girls, mean age: 10.5 ± 0.6 years.
Significant increase in BMD at femoral neck (P ¼ 0.027) and trochanter (P ¼ 0.016) in intervention group compared to control group for early-pubertal girls, but no significant differences for intervention group and control group for prepubescent girls. Significant increase in BMC at femoral neck (P < 0.001) and lumbar spine (P < 0.05) and in BMD at the lumbar spine (P < 0.01) in intervention group compared to control group, but no significant difference in BMD at the femoral neck between groups. MacKelvie et al., 2001 [27] Intervention groups: n ¼ 44 Prepubertal, mean age: 10.0 ± 0.6 years, and n ¼ 43 Early-pubertal girls, mean age: 10.4 ± 0.7 years. Control groups: n ¼ 26 Prepubertal girls, mean age: 10.1 ± 0.5 years, n ¼ 64 Early-pubertal girls, mean age: 10.5 ± 0.6 years.
10-to 12-Minute session of high-impact jumps, 3 times per week, consisting of a number of jumps that progressively increased from 50 to 100 and jump height from 10 cm to 50 cm through the school year, 3 times per week for 7 months. (Richmond, British Columbia, Canada)
Significant increase in BMD at the lumbar spine (P ¼ 0.005) and femoral neck (areal BMD P ¼ 0.038, volumetric BMD P ¼ 0.019) in intervention group compared to control group for early-pubertal girls, but no significant differences for intervention group and control group for prepubescent girls. McKay et al., 2000 [28] Intervention group: n ¼ 63 boys and girls. Control group: n ¼ 81 boys and girls. Age range: 6.9e10.2 years.
10-to 30-Minute session of "loading" activities consisting of 10 tuck jumps at the beginning, with games, circuit training, and dance that integrated jumps, 3 times per week for 8 months. (Richmond, British Columbia, Canada)
Significant increase in BMD at the trochanter (P ¼ 0.03) in intervention group compared to control group, but no significant differences in the femoral neck or lumbar spine between groups. resources to treat and manage it [48] , but if fragility fracture rates can be reduced, not only will the quality and quantity of life improve for those affected by the disease and low BMD, but health care systems will be positively impacted by substantial amounts of costs saved in health care and medical expenses [49] . With low worldwide public health awareness of osteoporosis and fragility fractures, there is a major public health need to prioritize osteoporosis and fragility fracture prevention [50] , and this can be done by implementing school-based exercise interventions, which this review has shown to be a cost-saving way to effectively increase bone mineralization in children and adolescents with minimal time and economic resources, in order to greatly reduce the risk of osteoporosis and fragility fractures and the severe public health and health care burdens that accompany them. This literature review did have limitations. High-impact jumping that produced GRFs of at least 3.5 Â BW and up to 8.8 Â BW are safe and effective for increasing BMD and/or BMC, as participants did not report injuries, but it is unknown what amount of GRF would reach a threshold in BMD and/or BMC increase, and what impact levels are too high and can cause harm, such as increased risk of skeletal (stress) fractures or joint injuries. And while 1 study did show that a school-based exercise intervention can have lasting effects on improved bone mineralization 7 years after the intervention [16] , whether the effects will last up to older adulthood and the elderly years is unknown. But as previously noted, weightbearing physical activity during youth has been shown to have sustained higher bone mass into adulthood [10] , and it is reasonable to believe that school-based exercise interventions can have the same effectiveness, especially if implemented throughout the school years in growing children and adolescents. Due to these limitations, ideas for future research may include investigating other types of high-impact jumping, even those producing GRFs above 8.8 Â BW, to test for continuous increases or thresholds for improving BMD and/or BMC, as well as prospective cohort studies that investigate if higher obtained BMD and/or BMC during youth from school-based exercise interventions lead to reduced osteoporosis and fragility fractures into older adulthood.
Conclusion
Osteoporosis and fragility fractures are major global public health problems that affect populations all throughout the world, and their consequences are severe for both individuals and national health care systems. Osteoporosis is a pediatric disease with geriatric consequences [51] , as neglecting preventive measures during youth will result in costs of osteoporosis and fragility fractures later in life. Fortunately, osteoporosis and fragility fractures can be prevented with effective public health policies of implementing evidence-based community health interventions, such as schoolbased exercise interventions, to most effectively and efficiently prevent this disease and its consequences in populations all throughout the world.
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